ABSTRACT: North Atlantic right whales Eubalaena glacialis utilize the entire water column and are frequently entangled in ropes from fishing gear. Data from telemetry tags have shown that right whales can swim/feed at or near the seafloor. Because those data are limited, some uncertainty remains regarding the frequency of dives to the seafloor and thus the likelihood of right whale encounters with fishing ropes there. The North Atlantic right whale photo-identification catalog was used to determine the number of sightings of right whales with seafloor sediment on their bodies and the relative frequency and geographic location of those seafloor encounters. Between 1980 and 2016, there were 2053 detections of right whales with 'mud' on their bodies, which represents 2.9% of all sightings (n = 70 593), or 58.2% of all cataloged whales (n = 730). Although muddy right whales were found throughout their range and in all months, 92.7% of all detections occurred in the Bay of Fundy in the summer where there was an average annual detection rate of 7.3%, with a maximum of 26% of sightings in 2010. Mud was found on whales of all age classes including calves of the year, and equally among males and females. These seafloor encounters suggest that any rope resting on, or floating above, the seafloor could pose an entanglement hazard. The use of sinking groundlines likely reduces the risk of entanglements for whales swimming near the seafloor, but may not eliminate the risk for whales making contact with the sediment.
INTRODUCTION
Entanglements in fishing gear are a known source of injury and mortality to large whales in the western North Atlantic (Kraus 1990 , Knowlton & Kraus 2001 , Johnson et al. 2005 , Glass et al. 2010 , Pace et al. 2014 . In particular, entanglement in fishing gear has been identified as one of the major threats to the survival of North Atlantic right whales (hereafter referred to as right whales) by the US National Marine Fisheries Service (NMFS 2005) . There were an estimated 458 animals in this population in 2015 (Pace et al. 2017 ) and an estimated 5.6 right whales died or were seriously injured each year from 2010−2014, 4.6 of those from entanglements (Hayes et al. 2017) . Further, an assessment of entanglements documented through 2016 showed 84.7% of the cataloged right whales had scars from encounters with fishing gear (Knowlton et al. 2018) . Fishing rope strength has been increasing, contributing to an increase in the severity (Knowlton et al. 2016 ) and lethality (van der Hoop et al. 2013 , Robbins et al. 2015 ) of these entanglements. Entanglement mortalities increased from 21% of all documented mortalities from 1970−2002 to 51% from 2003−2018 (Sharp et al. 2019) . For those whales that survive the initial entanglement but have gear attached, the drag from that gear can negatively impact their energy budget (van der Hoop et al. 2016 ) and can cause pain and suffering (Moore & van der Hoop 2012) . Recovered fishing gear from whales that have been disentangled (or from carcasses) includes a variety of both US and Canadian fixed gear, primarily from pot or trap fisheries and gillnets (Johnson et al. 2005) .
Three types of fixed fishing gear may create a risk of near seafloor entanglements for right whales: ground fish gillnets, bottom-set long lines, and pot/ trap gear. Groundfish gillnets are set in a variety of configurations and sizes, but generally have floats at the top and weights at the bottom that stretch the net from 2−10 m vertically, are anchored at both ends, and set on the seafloor. Gillnets are set in 'strings' of 100 m nets tied end to end, sometimes reaching combined lengths of 2000 m. Groundfish longlines are ropes to which shorter lines with baited hooks are attached at regular intervals. Longlines are anchored at both ends, generally lie on or near the seafloor, and can stretch several miles. Finally, there are a variety of pot fisheries directed at invertebrates (lobster, crab, whelk, shrimp), hagfish, and in some areas, pelagic fish. Once again, there is large variation in pot fishery configurations, but as these fisheries move into deeper water, multiple pots or traps get strung together, with each trap connected to the next one by a 'groundline'. Groundlines traditionally were made with floating rope to avoid chafing with rocks on the seafloor, but starting in April 2008, NMFS required all pot fishermen in the Northeast USA seaward of an exemption line in Maine to use sinking groundlines (NMFS 2007) . Canada has no such regulations on groundlines. Floating groundlines have an arc height of 1−5 m above the seafloor depending on the currents and how closely spaced the traps in the trawl are set (McKiernan et al. 2002 , Brillant & Trippel 2010 . Brillant & Trippel (2010) showed average arc heights of 1−2 m for groundlines between Canadian lobster traps in the Bay of Fundy and suggested that these ropes present a low risk to right whales because they are less than the 3 m diameter of a right whale's body.
Fishermen have suggested that right whales may not overlap with their gear or dive to the seafloor in some areas, and therefore the use of floating groundlines in those areas may be safe (Johnson et al. 2007 ). Detailed research on right whale diving behavior using telemetry tags revealed that this species can dive to depths of at least 174 m and feeds at whatever depths high concentrations of copepods occur (Baumgartner & Mate 2003 . These concentrations primarily occur near the surface, just above the bottom mixed layer (approximately 50−75 m above the seafloor), or as close as 5 m off the seafloor. Baumgartner et al. (2017) found nearly one-quarter of the 55 whales tagged dove to the seafloor and they did so in all but one habitat. Most, but not all, of those whales appeared to be feeding near the seafloor. Even in Cape Cod Bay, where right whales often feed at the surface (Mayo & Marx 1990) , they occasionally feed near the seafloor ). Both Mate et al. (1997) and Baumgartner & Mate (2003) observed right whales making non-feeding, 'v' shaped, exploratory dives to the seafloor throughout their feeding range.
Given that some US fishermen question the need for sinking groundlines in US waters, and a debate remains whether they should be adopted in Canadian waters, additional data on right whale dive behavior is needed. Here, we used the North Atlantic Right Whale Catalog, which is the repository for all photographed right whale sightings in the North Atlantic, to evaluate right whale encounters with seafloor sediments as indicated by photographs of mud on their bodies. The Catalog data provide a much larger sample size than the dozens of tagged whales whose dive depths have been previously re corded. We examined the frequency, distribution, and characteristics of such seafloor encounters in order to evaluate the risks of entanglement in fishing gear placed near the ocean floor.
MATERIALS AND METHODS
Right whales are individually identifiable by a combination of the callosity pattern on their heads (Payne et al. 1983 , Kraus et al. 1986 ) and scars (Kraus 1990) . The North Atlantic Right Whale Catalog contains all known photographed sightings of right whales from 1935 to the present . Most right whale photographs were collected by dedicated survey teams studying right whales along the eastern seaboard of North America, but the Catalog also includes opportunistic sightings from teams focused on other species, government agencies, and the public. The Catalog contains sightings of whales that have been matched to known individuals, as well as sightings that have either not been matched yet, or whose image quality is too poor to ever match. Each sighting record in the Catalog includes the time, location, and additional information about behavior or other distinctive features of the sighting. If the same whale was photographed several times with more than 1 h between sightings or changed its behavior, then the latter sighting is included as a separate sighting. One of the features routinely noted in the database is the presence of 'mud' on the whale's head or body-an indication that the whale had come in contact with the seafloor in the recent past. The term 'mud' as used here likely includes a variety of soft seafloor sediments (clay, silt, or mud), with the common characteristic being adherence to the whale so that it is easily observed in the field and in photographs of each sighting (Fig. 1) . Mud is mostly found on the head (the dorsal rostrum, lower jaw, or chin), but it can also be seen on the flank or flukes, although such observations are rare. All re cords in the Catalog from 1980−2016 were queried for the notation of mud.
All sightings with mud were then used to determine the frequency of their occurrence according to sex and age class. For those sightings matched to the Catalog, the age class and sex of the whale were determined from each whale's full sighting history.
Sex was determined genetically (Brown et al. 1994) , by photographs of the genitals (Payne et al. 1983) , or by repeated association with a calf (Knowlton et al. 1994) . To determine if one sex was more likely to be observed with mud, the known sex of the muddy whales was compared to the known sex in the overall population using a Pearson chi-squared test in SPSS v.24 (IBM). Age class was defined as (1) adultknown age of 9 yr or older, or the year before a first calving, or unknown age and a sighting history of 8 yr or more in that year; (2) juvenile -nulliparous, known-age 1 to 8; or (3) calf -the first year of life (Hamilton et al. 1998 ). All nulliparous whales of unknown age with sighting histories of less than 8 yr were categorized as of unknown age class.
Since almost all sightings in the Catalog include photographs of the head, sightings with mud on the head were compared to all sightings to determine if there was variation in seafloor encounters by region. The number of whales showing mud was calculated as a percentage of the total number of sightings by study area. To explore annual variations in mud oc currence, data from the Bay of Fundy (where more than 90% of the mud sightings occurred; Fig. 2 ) were used to show annual percentages. The Bay of Fun dy data are the most comparable from year to year as that habitat has been surveyed annually utilizing the same survey platform and protocols since 1980 , Davies et al. 2019 .
To determine whether whales were diving to the seafloor in the same habitat where the mud was detected, or getting muddy elsewhere and immigrating into the area, a subset of whales that were seen multiple times in a day were analyzed to assess mud acquisition and persistence. To facilitate the review of images for this analysis, only sightings with digital images were used which limited the data to the years 2003−2016. Any whale during this time period that was seen multiple times in a day and had mud on its body during at least one of those sightings was in cluded. lied. Because photo quality can impact the ability to detect mud, and because mud can occur on just one side of the whale and both sides of the whale are not photographed at every sighting, each case of apparent acquisition or retention had to be inspected before the mud or lack of mud status could be confirmed. The goal was to determine whether mud was ac quired in that habitat and how long it could persist. All cases of potential acquisition were reviewed, and those records for which mud was seen in 2 different sightings more than 1 h apart were reviewed for retention. If the placement and pattern of mud were the same, then it was counted as a mud retention and the time between those sightings calculated. To determine whether mud could persist into the next day, images of all whales seen with mud on 2 consecutive days were reviewed. Finally, some records of potential mud loss were spot checked to confirm mud could be lost in the same day.
To determine the spatial extent of right whale encounters with the seafloor and their relation to seafloor sediment type, ArcMap v.10.6.1 (ESRI) was used to plot all mud data along the east coast of North America in relation to sediment type. Seafloor sediment determinations were based upon US Geological Survey maps (USGS 2005).
RESULTS

Occurrence of mud
A total of 2053 sightings of right whales with mud between 1980 and 2016 were confirmed, 92.69% of which were in the Bay of Fundy (Table 1) . Sightings with mud occurred in all months ( Fig. 3 ; May has 1 sighting). The sightings include 2008 sightings that were matched to the Catalog (Table 2) ), with some individuals ob served with mud on as many as 26 d over the years. These 425 individuals represent 58.2% of all the cataloged whales seen during the study period (n = 730). All age classes were seen with mud, including 140 cases of mud on calves of the year (Table 2 ). The proportion of males to females was not significantly different than that found in the entire catalog (χ 2 = 0.288, p = 0.592). In some cases, mud was visible on one side of the head and not the other, suggesting that some animals are swimming on their sides when they encounter the seafloor.
Distribution and locations of seafloor encounters
Right whales were seen with mud in most of the study areas ( (Fig. 2) . In the coastal waters of the southeastern USA, the primary winter calving ground for right whales, the percentage of sightings with mud was low (0.10%) ( Table 1) . Because this is the only habitat in which right whales are not believed to feed, images from the 15 sightings of whales with mud in the region were inspected to confirm the presence of mud. Whales were seen to acquire mud within minutes (i.e. dive without mud and surface minutes later with mud) and also lose mud within minutes to 1 h, indicating that they are hitting the seafloor there.
Annual variation
As more than 92% of mud sightings occurred in the Bay of Fundy (Table 1) , data from that habitat were used to explore annual variation in occurrence of mud on whales. Between 1980 and 2016, right whales were observed 1903 times in the Bay of Fundy with mud on their heads or bodies. Annual variation was large (Fig. 4) , ranging from about 1% of all sightings in 1980 to 26% in 2010 (mean ± SD: 8.1 ± 0.056%). (50%) were on whales that were seen in a surface active group (SAG) during that sighting, or in the sighting immediately preceding that sighting (meaning it could have become muddy during the SAG, but after the researchers departed); 11 were on mothers with calves or on the calves (28.9%), and 8 (21.1%) were on individuals where no behavior was recorded. There were 118 potential detections of mud retention, 68 of which were sightings that were 1 h or more apart. In 8 of the 68, it could not be confirmed whether the mud came from one or more seafloor encounters because the same muddy body part was not photographed at the later sighting. The remaining 60 cases were all confirmed as mud persisting across sightings; i.e. the location and pattern of the mud from the earlier sighting matched that from the later sighting(s). The mean persistence time was 2.25 h with a maximum of 5.5 h (SD ± SE: 75.1 ± 9.7 min). These data represent minimum persistence times since mud was already on the head for an undetermined period of time at the first sighting and likely persisted for some time after the later sighting. All but 3 of the 60 cases of persistence within 1 d were from the Bay of Fundy; the other 3 included 1 off the coast of Florida and 2 in Cape Cod Bay, MA. To spot check the occurrence of potential mud loss, 44 of the 143 cases were reviewed. One-third of those were confirmed as mud loss within the day (16 confirmed loss, 7 not lost, 21 could not be determined).
Timing of mud: acquisition and persistence
To assess whether mud could persist for more than 1 d, 35 whales that were seen with mud on 2 consecutive days were analyzed. In 2 cases, the mud pattern clearly persisted for 1 d, and in a third case, it may have persisted for 2 d. Most of the 35 cases showed clear evidence of a second (at a minimum) encounter with the seafloor. In some cases, some of the earlier mud may have remained, but clearly new mud had been acquired. Interestingly, many of those resulted in mud on the same specific location on the head, suggesting that whales were either purposefully making seafloor contact with that part of their head, or they have a specific feeding style that results in that part of their head hitting the seafloor.
DISCUSSION
The data presented here support the findings by Baumgartner et al. (2017) that right whales dive to the seafloor in most study areas. In that study, the authors found that 15 of the 55 tagged whales dove to within 0 to 10 m of the seafloor and they did so in 5 out of the 6 study sites. The data presented here increase that sample size to 2053 encounters involving at least 425 individuals, or 58.2% of cataloged whales, that made contact with the seafloor (Table 1, Fig. 3 ). These data also provide information not available in the Baumgartner et al. (2017) study. This includes demographic data showing that males and females are equally likely to swim to the seafloor, and that calves are also interacting with the seafloor and thus are at risk there. These encounters occur in all months and include areas where feeding is not believed to occur. Finally, these data prove that whales are making physical contact with the seafloor, something that the tagging studies could not determine.
Annual mud variation in the Bay of Fundy
Another unique aspect of the data presented here is the time-series they provide for the Bay of Fundy (Fig. 4) . The inter-annual variability in the Bay of Fundy data demonstrates that tagging data from just 1 or 2 yr may not capture the whole picture of right whale diving behavior in the area. It is interesting to note that 3 of the 4 highest years for mud detection in the Bay occurred during an ocean-wide distribution shift in right whale occurrence. Starting in 2010, right whale numbers in 3 of their 4 feeding habitats began to decrease, and that pattern has persisted to the present (Pace et al. 2017 , Hayes et al. 2018 . The years 2010−2012 marked some of the highest incidence of mud in the Bay. Although only speculative, it is possible that right whales shifted where, how, and upon what they fed during that transition time.
Why right whales make contact with the seafloor
The data suggest that right whales go to the seafloor for multiple reasons. Some of the encounters likely involve feeding. Goodyear (1996) described right whales spending significant amounts of time near the seafloor in the Bay of Fundy. described typical 'U' shaped feeding dives to dense plankton aggregations near the seafloor in Jeffreys Ledge and the Great South Channel. Other researchers have reported comparable high-density plankton patches near the seafloor, where diapausing and vertically migrating Calanus finmarchicus are known to occur (Visser & Jónasdóttir 1999) . Right whales may accidentally hit the seafloor while feeding on these dense Calanus patches.
Although not yet documented, it is possible that right whales may occasionally feed on invertebrates in the seabed. Bowhead and gray whales have been documented with mud streaming out of their mouths and occasionally on their rostrum indicating feeding on organisms in the sediment (Wursig et al. 1989 , Moore et al. 2003 , Clarke et al. 2016 ). There are anecdotal reports of sediment coming out of the mouths of right whales (P. Hamilton unpubl. data), but interestingly none are in the Bay of Fundy where mud on the head predominates. One record is from off the coast of Florida and the rest are in Cape Cod Bay, MA. In 1989, to explore the hypothesis of sea floor feeding, a remotely operated vehicle (ROV; MiniRover 3000) equipped with high-resolution cameras was lowered to the seafloor 11 times in the Bay of Fundy in areas where right whales had been seen with mud. Although bottom marks and grooves from right whales were documented, bottom grabs yielded no benthic amphipods or other potential prey (S. Kraus unpubl. data). Still, this hypothesis could be explored further, perhaps by investigating the fecal contents of whales in the Bay of Fundy.
Other encounters are likely not related to feeding. Right whales interact with the seafloor on the calving ground off the southeastern USA where they are not believed to feed (Lockyer 1984) . Further, the fact that 50% of the mud acquisition detections occurred during, or around the same time as, SAGs suggests that at least some seafloor encounters may not be related to foraging. SAGs are often hectic interactions involving anywhere from 2 to over 40 whales socializing, touching, and mating (Kraus & Hatch 2001 , Parks et al. 2007 ). Besides encounters during SAGs and directed feeding bouts, there may be additional explanations for right whale encounters with the seafloor. One hypothesis is that right whales may be scratching themselves on the ocean floor, possibly to remove cyamids or loose skin. A recent study on bowhead whales showed that species rubs on the rocky seafloor to help exfoliate (Fortune et al. 2017) . It is unclear if a mud seafloor could serve the same function for right whales. A cursory examination of the skin of whales with mud showed a range of skin conditions with both sloughing skin and healthy, black skin observed, but this hypothesis cannot be ruled out.
Risk of seafloor encounters
Regardless of the reason for the mud acquisition, seafloor-diving behavior increases the risk for right whales to become entangled in lines near the ocean floor, and it is clear that both sexes and all age classes are at risk. When a right whale is feeding, both the upper rostrum and the lower jaw are potential 'hooks' (Fig. 5) . Although no measurements of the mouth are available, the 5 cm diameter rope through the lower jaw of the whale in Fig. 5 suggests the anterior section of both jaws taper down to just 10 cm or so in depth. Therefore, lines floating 10s of cm off the seafloor create a potential entanglement risk for right whales feeding near the seafloor. The lower jaw would hook the line if the whale was feeding right-side up and its upper jaw would hook the line if it was feeding upside down or on its sides (which may explain the presence of mud on just one side of the head). This assessment of potential risk differs from Brillant & Trippel's (2010) assertion that line floating less than 3 m above the seafloor in the Bay of Fundy presents a relatively low risk for entanglement. The entanglement risk likely remains high in some nonfeeding situations as well. For example, whales that get mud on their bodies during SAGs are at risk of becoming entangled near the ocean floor if they continue to engage in the usual active twisting, rolling, and thrashing typical of these groups at the surface. Although NMFS and the states of Massachusetts and Maine have made progress in addressing some of the fishery entanglement issues (Johnson et al. 2005) , the continued entanglement-related mortality of right whales shows that more work is needed. Entanglement scarring data shows a steady increase in right whale entanglements over a 20 yr period from 57% through 1990 (Kraus 1990) , to 71.9% through 2000 (Knowlton et al. 2003) , to 75.6% through 2002 (Knowlton et al. 2005) , to 82.9% through 2009 (Knowlton et al. 2012) , and finally to 84.7% through 2016 (Knowlton et al. 2018) . In addition, the observed number of right whales carrying gear (i.e. not just scarred from past, unobserved ent anglements) has increased over time as well (Knowlton et al. 2012) .
Aspects of mud detection data
While there are limitations to mud detection data (see below), there are several benefits to using this approach for assessing right whale encounters with the seafloor. The analysis can be performed using data that are routinely collected for photo-identification (photographs of the head and body). This in creases both the temporal and geographic scope of the investigation. Tag data, on the other hand, are expensive and logistically challenging to obtain, resulting in relatively small sample size and limited temporal and geographic scope. Ideally, a combination of methods should be utilized. The tag data can be paired with the oceanographic data to give a more comprehensive assessment of how right whales use the water column, and the mud-detection data can increase the sample size of whales actually interacting with the seafloor.
There are a number of factors that should be considered when utilizing mud detection data. The numbers presented here are likely a conservative assessment of seafloor encounters. Not all encounters with the seafloor will leave mud (either due to the force of the impact and/or the sediment type), not all mud on an animal will be detected (either because there were no researchers present to document it or the mud was on an unphotographed side of the whale), and the time window for detection is limited as most mud only persists for a matter of hours. There is some over-counting of seafloor encounters (i.e. of the 2008 sightings of identified whales with mud, between 60 [all confirmed mud retention cases] and 277 could have been double counts), but this over-counting is likely more than offset by seafloor encounters that were undetected due to the reasons stated above.
Another factor to consider is that mud persistence on a whale is not consistent across habitats. In some habitats, like the Bay of Fundy, it can persist for hours or days and thus is likely to be detected if the whale is photographed. In other areas, such as the southeast USA, mud persistence can be on the order of minutes. This limited persistence could indicate that the sediment type in the southeast is not as adhesive as the mud in the Bay of Fundy, or that whales in the southeast are not as forceful with their interaction with the seafloor, or both. This variation in persistence may introduce a detection bias. Similarly, the type of survey platform used to collect the photographs impacts the data. Faint patches of mud can be detected from shipboard photographs but not most aerial images. Of all the habitats, the Bay of Fundy has the largest vessel-based photographic effort with as many as 8 boats collecting images there in the early 2000s. The intensive effort in the Bay in some years also allowed for multiple sightings of the same individual on the same day, and thus data from the Bay are over-represented in the analysis of mud retention and acquisition. Finally, seafloor encounters in habitats with little or no mud sediment will be under-represented (e.g. the mid-Atlantic; Fig. 2 ).
Geographic location
More than 93% of the seafloor encounters happened in the Bay of Fundy (Table 1 ), suggesting that right whales would be at high risk of entanglements in floating ground lines if gear is present when the whales are in the area. Lobster season in right whale habitat in the Bay generally ends in June and historically has not overlapped with peak right whale occurrence, although some right whales have been seen there in June (Brown et al. 1995, P. Hamilton unpubl. data) . Whether there has been increased overlap since the distribution shift described above is not known. There is some evidence that the plankton resource in the Bay is shifting to earlier in the season (Davies et al. 2019 ), but June surveys in 2018 discovered only one right whale. Because there is so much variation in sightings from year to year, further surveys early in the season are needed.
While the incidence of seafloor encounters is highest in the Bay of Fundy, Jeffreys Ledge is also an area of concern. This area had the second highest seafloor encounter rate (Table 1) which mirrors the findings of Baumgartner et al. (2017) . The 2 right whales the latter authors tagged near Jeffreys Ledge during December 2006 dove repeatedly to near the seafloor to forage on concentrated layers of C. finmarchicus. These 2 whales spent the most time of any of the tagged whales within 15 m of the seafloor (62 ± 8.4%). The sample size for both studies is admittedly low; further surveys on Jeffreys Ledge would improve our understanding of right whale seafloor encounters in this area.
Conclusion
It is clear that right whales of all demographic classes (Table 2) interact with the seafloor throughout much of their range (Table 1 ) and in all months (Fig. 3) . Given the increasingly dynamic nature of right whale distributions (Pace et al. 2017 , Hayes et al. 2018 ) which reduces our ability to predict when and where right whales will be, every effort should be made to limit the amount of rope in the water column throughout the species' range -either by reducing fishing effort or implementing ropeless fishing technology (Werner & McLellan-Press 2017) . Given, also, that right whales are regularly making contact with the seafloor, even sinking ground lines resting on the seafloor pose some risk -especially if right whales are intentionally interacting with the sediment there. Sinking groundlines still provide protection for those animals feeding just above the seafloor ) and therefore, until or unless groundlines can be eliminated altogether, should be considered throughout the entire range of this species.
